A B S T R A C T We have studied the mechanism(s) of hyperlipidemia and liver insulin sensitivity in a rat model of severe chronic uremia (U).
INTRODUCTION
The precise mechanism(s) causing hypertriglyceridemia in renal failure remains unknown (1, 2) . It could be due to either increased triglyceride production by liver and/or reduced peripheral removal. It seems well established that the clearance of triglycerides in uremia is decreased due to both qualitative and quantitative abnormalities in lipoprotein lipase (LPL)' (3) (4) (5) . The evidence for altered lipid synthesis by liver in uremia is conflicting. It is important to define the role of the liver since a hyperinsulinemic insulin-resistant state is recognized in chronic renal failure (6) . Although peripheral insulin insensitivity in uremia is well accepted, insulin action in the liver is unsettled. DeFronzo an uremic rat model that the liver is resistant to insulin with regard to amino acid transport (8) . If the uremic liver were insulin sensitive to stimulation of lipid synthesis, it could be expected that the elevated basal immunoreactive insulin concentration would increase endogenous triglyceride production.
To define the role of the liver in the hyperlipidemia of uremia we studied lipid synthesis from tritiated water and ['4C]acetate in freshly isolated and primary cultures of rat hepatocytes. Hepatocytes were isolated from a rat model that leads to a predictable degree of severe uremia (8) . In the experimental design, specific consideration was given to the nutritional status of the animals. Two sham-operated control groups, ad lib. fed and pair fed were studied with uremic rats. Also, uremic animals were fed intragastrically with an isocaloric diet. This allowed us to analyze the metabolic events due to either uremia or food restriction. Finally, our ability to isolate hepatocytes that respond (9) and process insulin (10) allowed us to characterize at the cellular level the insulin sensitivity of the uremic liver with regard to lipid synthesis.
METHODS
Chemicals. 3H20 ( Experimental model of chronic uremia. We have recently described the uremic rat model used in this study (8) . Briefly, male Sprague Dawley rats weighing 200 g were anesthetized with ether. The flank of the rat was entered and the left kidney was separated from the adrenal gland and perirenal fat. The kidney was placed into a vinyl chamber measuring 0.9 cm3, which was closed completely except for a 3-mm diam aperture for the renal pedicle. The enclosed kidney was replaced in the retroperitoneal space and the flank closed. 7 d after this operation, the right kidney was removed using a right flank approach leaving the right adrenal gland intact. The sham-operated controls were operated using the same technique to enter the retroperitoneal space. The kidneys were manipulated, but not removed, and a 1-cm2 piece of vinyl was placed in the left retroperitoneal space.
Experimental protocol. The study animals included two experimental groups: group 1 which included animals orally fed a standard Purina rat chow (No. 5001, Ralston Purina Co., St. Louis, MO). These rats were subdivided into three groups: sham-operated rats ad lib. fed, uremic rats ad lib. fed, and sham-operated rats pair fed with the uremic rats. The studies were performed 4 wk after surgery. The animals were fasted for -3 h before killing.
Group II included uremic and sham-operated pair-fed rats that were fed as in group I from the 1st to the 3rd wk of the experimental period and they were fed intragastrically during the 4th wk of the experimental period. A feeding catheter was inserted -8 mm into the glandular portion of the stomach. This catheter was secured in place using a purse string suture and then tunneled through the fascia and under the skin to the midscapular region. With this model, there was no restriction of movement. The rats received, via a Holter pump, an isocaloric continuous infusion of 6.5% calories as protein, 27.8% calories as fat, and 65.6% calories as carbohydrates for 7 d as reported previously (11) . The nitrogen and energy content of this diet met the requirements of the rat as listed by the National Research Council in Nutrient Requirement of Laboratory Animals (12) .
Preparation of hepatocytes. Liver perfusion, hepatocyte isolation, and cultures were performed as previously described (13, 14) . Lipid synthesis. Freshly isolated hepatocytes (1-3 X 106 cells/ml) were incubated in the absence and presence of insulin at which time 3H20 (15 uCi/ml) or ["4C]acetate (5 mM 0.5 uCi/ml) were added to the cell suspension. Total lipids were extracted at different times as previously described (15) . Lipid synthesis was linear during the experimental period. Any additions to the primary cultures were added at the time of the first medium change 4 h after plating (16) . These cultures were then incubated in the absence and presence of different concentrations of insulin and ['4C]acetate or 3H20 for 20 h. Total lipids released into the medium, or present into the cells, were extracted (13) .
Enzymes and serum chemistry determinations. Approximately 3 h after food deprivation, animals were killed by decapitation. The blood was collected and centrifugated to obtain the serum for measurements of urea nitrogen, creatinine, triglyceride, and cholesterol by standard laboratory techniques. Liver, soleus muscle, and epididymal fat pad were removed, weighed, and placed in ice-cold 0.25 M sucrose, 1 mM EDTA buffer at pH 7.4, and homogenized with the same buffer (1:5, wt/vol). The tissue homogenates were centrifuged at 15,000 g for 15 min at 4°C. The supernatant of the livers was recentrifuged at 100,000 g for 45 min at 4°C. The activity of fatty acid synthetase (FAS) (17) , citrate cleavage enzyme (CCE) (18), glucose-6-phosphate dehydrogenase (G6PDH), and malate dehydrogenase (MDH) (19) were measured in the supernatant of liver. The activity of acetyl-coenzyme A carboxylase (AcCoAC) was measured in the liver fraction, after gel filtration and activation of crude enzyme, by 14CO2 fixation as reported by Inoue and Lowenstein (20) . Lipoprotein lipase activity was assayed in the 15,000-g supernatant of adipose tissue and soleus muscle using the method of Schotz et al. (21) with minor modifications (22) . Finally, total fat (23), triglycerides (24) , and cholesterol (25) were measured in the liver. All samples from each enzyme were analyzed within the same assay to minimize assay variability. All values were the mean of duplicate or triplicate determinations. For these assays, the intra-and interassay coefficients of variations were <10 and 20%, respectively.
RESULTS
Experimental model of chronic uremia. This experimental model of chronic uremia, using a vinyl chamber to prevent hypertrophy of the remnant kidney, leads to a predictable degree of severe uremia in 4 wk, with only 20% mortality ( Table I) . The uremic and pair-fed controls gained -10% of their initial body weight whereas the ad lib.-fed controls gained -90% during the 4-wk experimental period. This dif- ference in body weight gain was as a consequence of the difference in food intake (Table I ). Blood urea nitrogen and serum creatinine were about four times greater in the uremic rats than in the pair-fed and ad lib.-fed controls. Serum triglyceride levels in the uremic animals were 50 and 350% above those of the ad lib.-and pair-fed controls, respectively. Serum cholesterol, however, was only mildly increased in the uremic animals. Lipid metabolism in uremia. Fig. 1 shows the time course of ['4C]acetate and 3H20 incorporation into total lipids in freshly isolated hepatocytes from uremic, pair-fed and ad lib.-fed controls. Basal lipid synthesis was markedly decreased in both the uremics and pairfed controls when compared with ad lib.-fed control animals. Also, whereas maximal insulin concentration (1 X 10' M) stimulated lipid synthesis above the basal level in hepatocytes from the ad lib.-fed rats, those from food-restricted animals (uremics and pair-fed controls) were refractory to insulin. As We next studied LPL activity in adipose and muscle tissue to ascertain a possible defect in triglyceride clearance that might explain the observed hyperlipidemia in uremia. Fig. 3 shows that LPL activity was decreased in the uremic animals when compared with that in the ad lib.-fed controls. In the pair-fed animals, LPL activity in the adipose tissue was normal but decreased in the muscle tissue. to stimulate lipid synthesis above basal in the uremic Uremic and pair-fed animals received intragastrianimals. However, since the hepatocytes from the pair-cally an isocaloric diet during the final week of the fed animals were also refractory to insulin, it was im-experimental period (group II of the experimental portant to determine whether insulin resistance in protocol). Their daily body weight increased 5.7±1.4 uremia was due to the food restriction or uremia per and 3.7±0.9 g, respectively. Fig. 4 fold increase in the activity of the AcCoAC, the ratelimiting step in liver lipogenesis (Fig. 5) . The relationship between basal lipid synthesis and AcCoAC activity was maintained in the two groups of animals during the two experimental feeding regimens. There were no significant changes in the activities of the other lipogenic enzymes studied in the liver (Fig. 5) during the intragastric feeding. The increased lipogenesis observed in these animals, who were food restricted for 3 wk and fed with an isocaloric diet for 1 wk, is consistent with the observation of others (28) (29) who found that feeding a high-carbohydrate, lowfat diet to fasted rats greatly enhanced the capacity of the liver to synthetize lipids. Also, the difference in diet and feeding schedule between the orally fed and intragastrically fed animals might have played a role in the differences in basal lipogenesis observed. Fig.  6 also demonstrates that in these intragastrically fed animals, a defect in the triglyceride removal system persisted in the uremic animals as evaluated by LPL activity. to clarify the role of uremia itself in insulin resistance, we cultured hepatocytes from uremic, pair-fed control, and ad lib.-fed control animals in a chemically defined medium free of serum. Fig. 7 demonstrates the insulin dose-response curves of ['4C]acetate incorporation into lipids in the cells and medium (upper panel), cells alone (middle panel), and the medium alone (lower panel). Although the basal lipid synthesis in the uremic cultured hepatocytes appears lower than in the other two groups, it was not significantly different. The distribution of lipids between the cells and the medium under basal conditions was equal. No differences were observed in this distribution pattern among all three groups. Despite 24-h culture in synthetic medium, hepatocytes from the uremic animals remained refractory to insulin whereas the cultured cells from the pair-fed animals, which were initially refractory to insulin when freshly isolated, responded to insulin at every concentration used (paired t test, P < 0.05-<0.01). Inability of insulin to stimulate lipid synthesis in cultured hepatocytes from uremic animnals could not be due to differences in the acetate pool, since the results were qualitatively similar using 3H20. In cultured hepatocytes from ad lib.-fed controls, the insulin-stimulated lipid synthesis expressed as the absolute value was higher than that in the uremic rats at insulin concentrations from 1 X 10-9 M to 1 X 10-7 M. Insulin response in cultured hepatocytes from pairfed animals was intermediate to the other two groups. However, if the data were expressed as the absolute increment above basal, there was no statistical difference between the ad lib.-fed and pair-fed controls. The insulin response in the two control groups was higher than in the uremic group at every insulin concentration except at insulin 1 X 10-M, at which the insulin response in the uremic animals was not different from that in the pair-fed animals. It is important to note that insulin favored the accumulation of lipids within the cells without affecting the amount of lipids secreted into the medium. From Fig. 7 it can be calculated that the ratio of lipids in medium to cells decreases with increasing concentrations of insulin in the insulin-sensitive hepatocytes (controls) but is unchanged in the insulin-resistant cells (uremic).
DISCUSSION
The present studies were undertaken to evaluate the mechanism of hyperlipidemia and the role of the liver in the insulin-resistant state of uremia. We have developed a model in the rat that leads to a predictable degree of severe uremia. The uremic animals have elevated serum triglyceride and normal serum cholesterol when compared with their pair-fed, age-, and weight-matched controls. Also, these uremic rats are hyperinsulinemic and normoglycemic (8) . These characteristics of experimental uremic rats are similar to those found in uremic humans (30, 31) , thus making it a suitable animal model to investigate these problems.
Increased lipid production, reduced peripheral tissue removal, or a combination of both could contribute to hyperlipidemia in uremia (1, 2) . It is presently well established that abnormalities of lipoprotein lipase, the tissue enzyme system that mediates triglyceride removal, exist in uremia (3) (4) (5) . We (34) , has been reported to be increased. In contrast to these studies, Cattram et al. (35) (Figs. 1 and 2) ; therefore, hyperlipidemia in uremia is solely due to defect(s) in clearance as previously suggested (1) (2) (3) (4) (5) (33) (34) (35) .
The primary role of nutrition in the regulation of lipid synthesis is well recognized (15, 28, 29) . Several lines of evidence demonstrate that decreased food intake cannot solely explain the decreased lipid synthesis in the uremic animals. First, when compared with their orally pair-fed controls, the uremic animals demonstrate a decreased incorporation of 3H20 and [14C]acetate into lipids. Also, the activities of liver AcCoAC and G6PDH are significantly decreased ( Figs.  1 and 2) . Secondly, uremic animals intragastrically fed an isocaloric diet still demonstrate a decrease in de novo lipid synthesis and activity of AcCoAC when compared with their controls (Figs. 4 and 5) .
The mechanism by which lipid synthesis is decreased in uremia is presently unknown. The animals studied had a severe degree of uremia and they could have had multiple defects not evaluated, which could partially be responsible for the altered lipid metabolistn. It is apparent, however, that extracellular factor(s) may be responsible for the decreased basal lipid synthesis. When the freshly isolated hepatocytes from uremic animals are cultured in a well-defined chemical medium free of serum for 24 h, they partially recover the ability to synthesize lipids in the absence of insulin, comparable to the ad lib.-fed animals (Fig. 7) . One of the extracellular factor(s) involved may be glucagon, which is increased in the uremic rats (231±22 pg/ml) when compared with their pair-fed (75±11 pg/ml) and ad lib.-fed control animals (155±17 pg/ml; unpublished observation). Glucagon is known to inhibit AcCoAC in the liver (41) .
Peripheral insulin resistance in uremia is well recognized (6); however, the role of the liver is unsettled. We have recently demonstrated that the liver in uremia is insulin resistant with regard to amino acid transport, which is not due to defects either in insulin binding or its internalization (8) . DeFronzo et al. (7) have demonstrated a normal suppression of hepatic glucose production by insulin in uremic patients. It is important to recognize that in a given metabolic state, one tissue, but not another, may be resistant to insulin (42, 43) . Furthermore, a given cell may be resistant to one but not another hormone action (44) . Therefore, the designated "hormone-resistant state" should be qualified for each specific tissue and individual hormone action.
The present study clearly demonstrates that livers of uremic rats are also insulin resistant with regard to lipid synthesis. However, freshly isolated hepatocytes from both uremic and pair-fed animals were refractory to insulin, suggesting that nutritional deprivation might have rendered hepatocytes insulin resistant with regard to lipid synthesis. To determine whether the insulin-resistant state was due to nutritional deprivation or uremia itself, we used two approaches. First, we intragastrically fed an isocaloric diet to the uremics and to the pair-fed controls (Fig. 4 ) Secondly, we cultured hepatocytes from the orally ad lib.-fed uremic animals and their pair-fed controls for 24 h (Fig. 7) . We have demonstrated that hepatocytes from the uremic animals remained insulin resistant, while those from pair-fed controls responded normally to insulin when they were provided with enough nutrients in vivo or in vitro.
Primary cultures of isolated rat hepatocytes from uremic rats are insulin resistant similar to the freshly isolated hepatocytes from uremic rats. This quality renders these cultures useful for studying the postinsulin binding events responsible for the insulin-resistant state in the absence of the complicating hormonal and substrate changes that occur in vivo.
